In this study, we present a novel method to isolate and enrich low concentrations of Campylobacter pathogens. This method, Acanthamoeba-Campylobacter coculture (ACC), is based on the intracellular survival and multiplication of Campylobacter species in the free-living protozoan Acanthamoeba polyphaga. Four of the Campylobacter species relevant to humans and livestock, Campylobacter jejuni, C. coli, C. lari, and C. hyointestinalis, were effectively enriched by the coculture method, with growth rates comparable to those observed in other Campylobacter enrichment media. Studying six strains of C. jejuni isolated from different sources, we found that all of the strains could be enriched from an inoculum of fewer than 10 bacteria. The sensitivity of the ACC method was not negatively affected by the use of Campylobacter-selective antibiotics in the culture medium, but these were effective in suppressing the growth of seven different bacterial species added at a concentration of 10 4 CFU/ml of each species as deliberate contamination. The ACC method has advantages over other enrichment methods as it is not dependent on a microaerobic milieu and does not require the use of blood or other oxygen-quenching agents. Our study found the ACC method to be a promising tool for the enrichment of Campylobacter species, particularly from water samples with low bacterial concentrations.
The genus Campylobacter contains several species that cause disease in humans and livestock. With regard to humans, Campylobacter jejuni and C. coli are the two most important species. However, C. lari, C. hyointestinalis, and C. fetus are also recognized as important human pathogens, although less commonly (1, 7, 18, 19) . Typically, patients with acute campylobacteriosis develop gastroenteritis and excrete high numbers of Campylobacter bacteria in their feces. Detecting an infection at this stage is comparably straightforward on Campylobacterselective agar plates (4, 15, 23) , although competing bacterial flora may interfere. However, isolation of Campylobacter from food sources, environmental water samples, or clinical samples in the late phase of infection is more complicated (4, 12, 13, 15) , as these samples often contain only low concentrations of bacteria, a larger proportion of which might be injured and aged cells. In addition, such samples often have problems with competing microbial flora that overgrow the less competitive Campylobacter bacteria.
Detection of Campylobacter from nonclinical samples therefore often involves an enrichment step in a Campylobacterspecific broth before plating on blood agar, in order to increase the yield of bacteria (4, 6) . Some of the recommended and most widely used enrichment broths are Preston broth and Campylobacter enrichment broth (CEB [Bolton formula]) (14) . These broths are reported to have high performance in terms of the ability to enrich old and injured Campylobacter cells, as well as in suppressing the growth of competitor organisms (3). They contain Campylobacter-selective antibiotics, as well as blood and other oxygen-quenching agents.
We have recently shown that C. jejuni is able to invade and survive and multiply within the protozoan Acanthamoeba polyphaga (2) . This observation was confirmed with the related species A. castellanii (24) . Here, we build on this knowledge and present Acanthamoeba-Campylobacter coculture (ACC) as a novel enrichment method for Campylobacter spp. We show that the ACC method is a powerful tool to detect C. jejuni and other thermotolerant Campylobacter cells at concentrations far below the detection limit of blood agar culture, and we compare its sensitivity and selectivity with those of recommended broths for Campylobacter enrichment. In contrast to conventional culture methods for Campylobacter spp., the ACC method does not require the use of blood or a microaerobic gas environment.
MATERIALS AND METHODS
ACC method. The ACC method rests on previous observations (2) that C. jejuni strains of diverse sources are capable of infecting A. polyphaga cells in vitro at temperatures ranging from ϩ4 to ϩ37°C. At low temperatures, the bacteria enter and remain viable within the amoeba. An increase in temperature to 37°C results in massive replication of the intracellular campylobacters, with subsequent lysis of the infected amoebae.
Our experimental setup is illustrated in Fig. 1 . A. polyphaga (strain Linc Ap-1) was stored as cysts in peptone-yeast extract-glucose (PYG) medium at ϩ4°C. Trophozoites were maintained aerobically at 27°C in PYG medium, at the bottom of 25-cm 2 culture flasks. The PYG medium was prepared according to Rowbotham (22) , with later modifications of Greub and Raoult (8 2 (Sigma Aldrich). The ingredients were dissolved in distilled water, filtered through a Munktell no. 5 filter paper (Munktell, Grycksbo, Sweden), and autoclaved (15 min, 121°C).
Three days prior to each experiment, the A. polyphaga trophozoites were seeded in 12-well culture plates and grown aerobically at 27°C to reach a confluent layer. Before seeding, the trophozoites were detached from the culture flask by incubation in 4 ml of fresh medium at Ϫ20°C, allowing the liquid to freeze. Thereafter, the flask was tapped a few times against the palm.
Just before each experiment, the medium in all wells was gently replaced with fresh PYG medium with a pipette without disturbing the amoeba layer at the bottom of each well. For coculturing experiments, trophozoites were inoculated with Campylobacter and incubated aerobically at 37°C for optimal growth of Campylobacter cells. Growth of Campylobacter was confirmed by microscopic observation of a small sample from each well, as well as by plating 100 l on blood agar. The plates were observed for colony and bacterial morphology after incubation in a microaerobic environment for 24 h at 42°C (37°C for C. hyointestinalis). The capacity of the ACC method to enrich Campylobacter spp. was assessed by using six C. jejuni strains of different origins and one strain each of the species C. coli, C. lari, and C. hyointestinalis. The collection numbers and origins of the strains used here and throughout this study were as follows: C. jejuni CCUG 11284, a reference strain originally isolated from a human patient; C. jejuni F4382 and F6555, human isolates from Swedish patients with gastrointestinal campylobacteriosis; C. jejuni 1153 and 6137, Swedish chicken isolates; C. jejuni 02A364, obtained from a wild mallard (Anas platyrhynchos) sampled in Sweden; C. coli LMG 6440, a pig isolate; C. lari LMG 8846, an avian isolate (Larus argentatus); and C. hyointestinalis CCUG 20822, a human isolate.
Growth kinetics of Campylobacter spp. in the ACC method. We investigated the growth kinetics of three different Campylobacter species in the ACC method over the course of 96 h. Strains of C. jejuni (CCUG 11284), C. coli, and C. lari were cultured on conventional blood agar (Columbia agar II containing 8% [vol/vol] whole horse blood) at 42°C in a microaerobic gas environment, with the CampyGen gas-generating system (CN0025A; Oxoid, Ltd., Basingstoke, United Kingdom) and the BBL GasPak system (BD, Franklin Lakes, NJ). Bacterial cells were harvested, suspended in PYG medium, and diluted to a final concentration of approximately 10 3 CFU/ml, as determined by direct plating on blood agar plates and counting of colonies formed after 24 h under microaerobic conditions. Confluent cultures of A. polyphaga grown at the bottom of a 12-well plate in 1.9 ml of PYG medium were inoculated with 100 l of the bacterial stock solutions in triplicate. The ACC plate was then incubated aerobically at 37°C, and samples of 100 l were taken every sixth hour until 72 h, with an additional and final sample at 96 h. A control plate containing PYG medium but no A. polyphaga was also inoculated with 100 l of the bacterial stock solutions in triplicate. The plate was treated identically to the test plates, except that samples were taken at 24-h intervals because no growth was expected. The samples from each time point were diluted in 10-fold dilution series, and 100 l from each dilution step was spread onto blood agar plates. The plates were incubated microaerobically for 24 h, and the colonies formed were counted.
Sensitivity and selectivity of the ACC method compared with those of conventional enrichment broths. To investigate the potential of the ACC method as a detection tool for Campylobacter spp., we compared the sensitivity and selectivity of the ACC method with those of the commonly used Preston broth (nutrient broth no. 2 [CM0067; Oxoid, Ltd., Basingstoke, United Kingdom]) and CEB (Bolton formulation [LAB135; LABM, Bury, United Kingdom]), both supplemented with 5% (vol/vol) lysed horse blood. The broths were used without the addition of selective antibiotics, except in the selectivity tests. Sensitivity was measured as the lower detection limits of the methods, and selectivity was measured as the different methods' abilities to detect Campylobacter cells in samples with competing microbial flora.
In both experiments, ACC was incubated aerobically at 37°C whereas the broths were incubated according to the U.S. FDA bacteriological analytical manual (14) , in a microaerobic atmosphere at 42°C. For the sensitivity analyses, we used six strains of C. jejuni of different origins (described above), whereas in the selectivity experiments only the reference strain, C. jejuni CCUG 11284, was used.
Strains from seven different bacterial species were used as competing flora in the selectivity experiments. These included Streptococcus pyogenes (CCUG 23117), Burkholderia cepacia (CCUG 13226), Moraxella catarrhalis (CCUG 34455), Pasteurella multocida (CCUG 224), Pseudomonas aeruginosa (CCUG 17619), Escherichia coli (ATCC 25922), and Bacillus subtilis (CCUG 163B). The strains were chosen to represent a diverse spectrum of bacteria from those abundant in feces, water, and soil to those present as infectious agents or commensals in humans and livestock. All of the bacterial strains were stored frozen at Ϫ80°C, and before an experiment they were thawed and grown on blood agar plates, harvested, and suspended in PYG medium. The Campylobacter strains were cultured under microaerobic conditions as described above; all other bacteria were grown on blood agar under aerobic conditions at 37°C for 24 h. Each experiment determining sensitivity and selectivity was conducted twice for each Campylobacter strain.
Sensitivity experiment setup. The general setup of the sensitivity experiment was as follows. Forty-eight-hour-old cultures of each Campylobacter strain were harvested, suspended individually in fresh PYG medium, and further diluted 10-fold to obtain series where at least one dilution step in each series contained no bacteria. From each dilution step, 100 l was inoculated in triplicate to each of the three enrichment methods, the ACC method, Preston broth, and CEB. At the same time, 100 l from each dilution step was also plated directly onto blood agar plates for determination of the bacterial concentration. For all of the methods, the bacteria were inoculated into 1.5 ml of medium in 12-well culture plates. In the ACC, the PYG medium was replaced with 1.5 ml of fresh medium just before inoculation. The ACC plates were incubated at 37°C aerobically, whereas the plates with CEB and Preston broth were incubated at 42°C in a microaerobic environment.
Initially and after 24, 48, 72, and 96 h, a 100-l sample of each culture was plated on blood agar and incubated in a microaerobic environment at 42°C for 24 h. The culturability of each strain by the different methods was assessed by counting the colonies on the plates. Because of the large number of plates, growth was classified as weak (1 to 10 CFU), intermediate (10 to 100 CFU), or rich (Ͼ100 CFU).
Selectivity experiment setup. To test the three methods for selectivity, we conducted an experiment similar to the one described above but with the addition of Campylobacter-selective antibiotics and competing flora. In these experiments, modified Bolton broth selective supplement (SR0208; Oxoid, Ltd., Basingstoke, United Kingdom) containing cefoperazone (10.0 mg), trimethoprim (10.0 mg), vancomycin (10.0 mg), and amphotericin B (5.0 mg) was used for the CEB and modified Preston Campylobacter selective supplement (SR0204E, Oxoid Ltd., Basingstoke, United Kingdom) containing polymyxin B (2,500 IU), rifampin (5.0 mg), trimethoprim (5.0 mg), and amphotericin B (5.0 mg) was used for Preston broth. The modified Bolton selective supplement was chosen for the ACC method after an initial evaluation of this supplement and two other antibiotic mixtures, the Preston Campylobacter selective supplement and a mixture of cefoperazone (16.0 mg) and amphotericin B (5.0 mg) (X112 LAB M). The latter two were abandoned because of severe overgrowth of the contaminating bacteria.
This experiment was performed in two steps and only with the reference strain C. jejuni CCUG 11284. In the first step, dilutions of strain CCUG 11284 were inoculated in triplicate by the three different culture methods. Culturability was quantitatively assessed with the same settings as described for the sensitivity 4 CFU/ml. The culture methods were incubated and sampled for blood agar plating as described above. The Campylobacter colonies on the plates were counted, as well as the number of colonies from contaminants. Campylobacter colonies were verified by microscopic observation.
To determine the abilities of the methods to suppress contaminating bacteria in a natural setting, each method was inoculated with water samples from seven different environmental sources. This experiment had the same setup as described above, except that 1.5 ml of medium containing antibiotics was used and 500 l of each water sample was added to the wells in five replicates. The bacterial contents of the water samples were also determined by culture on blood agar at 37°C aerobically for 24 h.
Statistics. Minimum generation times for C. jejuni, C. coli, and C. lari growth in the ACC method were calculated from the maximum slopes over a 24-h period. These statistical analyses were based on data from two similar experiments, each of which was performed in triplicate for every strain tested. Duncan tests were performed to determine if there were differences between the minimum generation times of the Campylobacter species tested.
The sensitivities of the three culture methods, ACC, Preston broth, and CEB, were compared by assessing their enrichment capacities for three different inocula representing consecutive 10-fold serial dilutions of a bacterial stock. These dilutions were designated D1, D2, and D3. At each dilution step (D1 to D3), the enrichment capacities of the methods were determined from the outcome of the plate counts after the enrichment step. Colony counts from the plates were judged as weak, intermediate, or rich growth and correspondingly ranked 1, 2, or 3 for nonparametric statistic analyses. The performance was calculated for each dilution step (D1 to D3) as the sum of the growth ranks of three replicates for each of the Campylobacter strains tested. That is, for each dilution step a method can have a score ranging from 0, in cases where there was no growth in any of the triplicates at that dilution step, to 9, in cases where there was rich growth in all of the triplicates. The average ranks from all six strains for a given dilution step were added for each method, giving each method a total rank for each of the three dilution steps of the inoculum (see Fig. 3 ).
We used nonparametric Kruskal-Wallis analysis of variance to test if there were statistically significant differences between the detection capacities of the different methods (Statistica, version 7.1; Statsoft). This test compares the outcomes of the three methods by summing the performance of the six strains tested, combining the results from all triplicates for every strain at each dilution step for two repeated experiments. The software SPSS (version 14.0 for Windows) was used to plot the performance of the different methods.
RESULTS

Enrichment of Campylobacter spp. by the ACC method.
We assessed the potential of the ACC method as a tool for the enrichment of Campylobacter spp. by using six strains of C. jejuni and one strain each of C. coli, C. lari, and C. hyointestinalis. All of the strains tested were successfully enriched by the method. Although inocula with bacterial contents of fewer than 10 CFU (as determined by direct plating) were used, the strains were enriched to a density of Ͼ10 3 CFU/ml in 24 h. These results show that the method is effective at enriching Campylobacter spp. of high relevance for humans and livestock.
Growth kinetics of Campylobacter species by the ACC method. The growth kinetics of three Campylobacter species were determined for the ACC method (Fig. 2) . All of the strains exhibited exponential growth to a density of approximately 10 9 CFU/ml, and maximum concentrations were reached within 48 to 60 h. All of the strains reached concentrations of Ͼ10 4 CFU/ml by 24 h. The minimum generation times under exponential growth were 2.03 h for C. jejuni (standard deviation [SD] ϭ 0.23 h), 1.45 h for C. coli (SD ϭ 0.06 h), and 1.25 h for C. lari (SD ϭ 0.12 h). Growth rates differed significantly between the species tested (analysis of variance, followed by Duncan's test: C. jejuni versus C. coli, P Ͻ 0.001; C. jejuni versus C. lari, P Ͻ 0.0001; C. coli versus C. lari, P Ͻ 0.05).
Once peak densities were reached, concentrations started to decline for all of the strains, probably reflecting an impaired survival of extracellular bacteria in the PYG medium. None of the strains grew in the control plate containing PYG medium only.
Sensitivity of the ACC method compared with that of conventional enrichment broths. The sensitivity of the ACC method in detecting Campylobacter was compared to those of Preston broth and CEB for six strains of C. jejuni. The bacteria were diluted in 10-fold dilution series before inoculation of the culture methods, and the comparison was based on three consecutive dilution steps, D1 to D3. For all of the strains, the D1 dilution step gave intermediate (11 to 100 CFU/100 l) or weak (1 to 10 CFU/100 l) growth, as determined by direct plating on blood agar. This gave a maximum inoculum of all of the strains of 100 CFU for the D1 dilution step and hence 10 CFU for D2 and 1 CFU for D3.
The general sensitivity of the methods was not affected by prolonged coculture/enrichment times, meaning that the results at 24 h were similar to the results at 48 h, 72 h, and 96 h (data not shown). Therefore, we restricted statistical analyses to the results obtained at 24 h of growth. Overall, the ACC method was as sensitive as the two conventional enrichment broths in detecting C. jejuni and no statistically significant differences were seen at any of the dilution steps (D1, n ϭ 36, P ϭ 0.83 [Kruskal-Wallis test]; D2, n ϭ 36, P ϭ 0.58; D3, n ϭ 36, P ϭ 0.16; Fig. 3 ). All three methods propagated an inoculum of fewer than 10 bacteria per well to a density of Ͼ10 3 CFU/ml in 24 h. The ACC method performed slightly better than CEB and Preston broth with small inocula (1 CFU and 11 to 100 CFU, respectively), but these differences were not statistically significant (Fig. 3) . The method that was most sensitive differed slightly between C. jejuni strains, but none of the methods consistently performed best.
Comparison of the selectivities of enrichment methods. The selectivity of the ACC method was compared to those of the We could not detect any inhibitory effect on the sensitivity of the three culture methods due to the presence of the antibiotics, and there were no apparent differences in sensitivity between the methods, although the sample size did not allow statistical analysis (Table 1) .
In the presence of the contaminating microbial flora, the ACC method and CEB propagated an inoculum of Ͻ10 bacteria per well to a density of Ͼ10 3 CFU/ml in 24 h, with no apparent differences between the two (Table 1) , and with the growth of only a few colonies of contaminating bacteria (Table  2) . In Preston broth, however, it was not possible to estimate the efficiency of specific propagation of C. jejuni because of severe overgrowth of contaminating bacteria.
The abilities of the methods to suppress the growth of contaminating bacteria were further determined with environmental water samples. Natural bacterial flora was detected in six out of seven samples by aerobic culture on blood agar at 37°C, but only a few colonies were detected after an enrichment step with the ACC or the other methods.
DISCUSSION
We have presented a novel tool for the enrichment of Campylobacter spp, the ACC method. It is a quick, simple, and sensitive method. Samples presumed to contain Campylobacter are seeded into a small volume of PYG medium containing A. polyphaga trophozoites and incubated aerobically at 37°C for 24 h. During this time, the Campylobacter cells enter and proliferate at a rapid rate inside the amoebae. Transferring a small volume of the cocultured sample to a normal blood agar plate, combined with additional microaerobic incubation for 24 h, yields a large number of Campylobacter colonies for detection and further characterization (Fig. 1) .
We successfully amplified six diverse strains of C. jejuni, as well as single strains of C. coli, C. lari, and C. hyointestinalis, by the ACC method. The species tested here are those most important from a human health perspective, covering more than 99% of the reported cases of human infection (14) . The four Campylobacter species grew surprisingly fast in the amoebae, with generation times within the range reported for C. jejuni in other culture media, i.e., varying from 1.5 h to 2.2 h, depending on the growth medium and strain used (17, 20) . These results suggest that the growth conditions for the campylobacters inside the amoebas are close to optimal, despite a lower temperature and a lack of artificially provided microaerobic conditions.
We compared the sensitivity and selectivity of the ACC method with those of two conventional enrichment broths commonly used in bacteriological laboratories, CEB and Preston broth. First, we tested differences in detection capacity with six C. jejuni strains isolated from wild birds, patients, and poultry with no antibiotic supplement. The ACC method and the two broths successfully enriched inocula of approximately 10 bacterial cells to densities of Ͼ10 3 CFU/ml in 24 h, and the ACC method was as sensitive as Preston broth and CEB in this respect. However, under most circumstances, an unknown environmental or patient sample will contain a rich microbial flora from which the fastidious campylobacters will likely face competition. To evaluate the usefulness of the ACC method with such diverse samples, we tested its performance by adding antibiotics and competing flora. We started to test whether supplementation of Campylobacter-selective antibiotics affected the viability of the amoeba trophozoites and found that b All plates were overgrown with competing flora. c One plate was overgrown with competing flora.
FIG. 3.
Cumulative detection score from the sensitivity experiment. The sensitivity of the ACC method was assessed with six different C. jejuni strains and compared to those of commercially available enrichment methods, i.e., Preston broth and CEB. Each method was given a score depending on its ability to enrich a defined inoculum of three different concentration ranges. The plot shows the cumulative detection score for each method and the concentration range (D1 to D3). There were no significant differences between the detection scores from each concentration range for the different enrichment methods (D1, H ϭ 0.380, n ϭ 36, P ϭ 0.83 [Kruskal-Wallis test]; D2, H ϭ 1.088, n ϭ 36, P ϭ 0.58; D3, H ϭ 3.638, n ϭ 36, P ϭ 0.16). SE, standard error. We tested the detection performance of the ACC method in the presence of contaminating bacteria, because an important prerequisite for a selective culture method is the ability to suppress the growth of other organisms without impairing the detection of the intended one. The antibiotic mixture we chose for the study was effective by the ACC method, because we were able to isolate C. jejuni in a background of seven different competing microorganisms at a concentration of 10 4 CFU/ml for each organism. The sensitivity in terms of the size of the inoculum needed for successful growth was not affected by the presence of antibiotics or contaminating microorganisms. When the sensitivity and selectivity in the background of contaminating organisms were compared to those of CEB and Preston broth, the ACC method performed equally well or better. The test with environmental water samples further proved that the method was efficient in suppressing the growth of contaminating organisms present in such samples.
In conclusion, the ACC method is a very promising culture method for Campylobacter. We have shown that it performs excellently with small inocula of bacteria, even with a background of competing flora, and that common Campylobacterspecific antibiotics do not interfere substantially with its detection capacity. Acanthamoeba cells are easily maintained in culture, and to establish a monolayer for coculture requires only 1 to 2 days after subculture, depending on the size of the inoculum. Thus, it is easy to have amoebae "up and running" in anticipation of samples. Furthermore, the incubation step does not need a microaerobic gas environment, which means that the method is affordable for all laboratories. In this article, we have provided the basic methodology and rationale for the ACC method. Further testing of environmental and clinical samples will determine its value in practical use.
During the past 2 decades, a growing body of evidence has documented the intracellular survival of bacteria in free-living protozoans (9, 11, 25) , including a number of pathogens affecting human health such as Legionella spp. (22) , Mycobacterium spp. (26) , and Helicobacter spp. (29) . Two previous studies (2, 24) have shown that Campylobacter cells readily infect amoebae and can proliferate intracellularly in protozoan hosts given that certain environmental conditions are met. We observed that C. jejuni survived in A. polyphaga for more that 60 days at 10°C. In this report, we showed that three species of Campylobacter all grew with close-to-optimal kinetics within A. polyphaga at 37°C. This finding adds to the hypothesis that protozoans may be important as intermediate hosts for Campylobacter spp., possibly explaining the puzzling distribution of the bacterium in many environments, such as surface and ground waters (10, 16, 21) , where it should not be able to grow. The importance of a water reservoir for Campylobacter is further indicated by the high prevalence rates of C. jejuni and C. lari in aquatic wild birds (5, 27, 28) .
As far as we know, our study is the first where the methodology of protozoan-bacterium coculture was used as a detection method for Campylobacter spp. However, similar methods have been applied to isolate amoeba-resistant intracellular microorganisms by using free-living amoebae (9) . We believe that amoeba-bacterium coculture methods could be set up for other fastidious bacteria and are a promising arena for future research. 
